Abstract. Ag colloid-containing coatings on soda lime glass and fused silica are prepared via the sol-gel process. To incorporate Ag + -ions in the coatings homogeneously, they are stabilized by a functionalised silane (aminosilane) and then mixed with the basic sol prepared from 3-glycidoxypropyl trimethoxysilane (GPTS) and tetraethoxysilane (TEOS). Crack-free and transparent coatings with a thickness of 0.5 to 1.2 µm, are obtained by heat treatment between 120
Introduction
Ag colloids have been used for staining glasses yellow since several hundreds of years. The colouring effect is due to a surface plasmon resonance of the conductive electrons in the nano-sized Ag metal particles, leading to a Lorentzian-like absorbance band with a peak at about 400 nm to 430 nm wavelength and a full width at half maximum (FWHM) between 100 nm and 20 nm (depending on colloid size and refractive index of the embedding glasses). Ag colloids are grown from Ag + -containing melted glasses by a so called "striking" process [1, 2] . Since the diffusion coefficient of monovalent Ag + -ions in glasses is relatively high (e.g., D = 2 · 10 −13 cm 2 · s −1 at 550 • C in a sodium silicate glass [3] ) Ag colloids also can be formed during or after an ion exchange process (e.g., Na
+ -Ag + -exchange) using Ag containing salt melts or pastes [4] [5] [6] . Investigations of the growth kinetics of Ag colloids in glass [3] lead to the conclusion that Ag + -ions are diffusing towards Ag nuclei the formation of which may be induced either thermally or by UV-irradiation, and are reduced at the nucleus interface as far as polyvalent ions in the glass (e.g., Fe, Sn, Sb) assumed to act as redox compounds. Beside nucleation and growth from Ag + -ions, Ostwald ripening has been detected during long term thermal treatment of soda lime glasses [7] .
There have been only a few attempts for the generation of Ag colloids in sol-gel materials [8, 9] by dissolving AgNO 3 in an appropriate sol prepared from tetraethoxysilane (TEOS) [8] or tetramethoxysilane (TMOS) [9] . Reduction was carried out using a reducing agent (formaldehyde [8] or Sn 2+ [9] ), but using this route a broad size distribution and agglomeration of Ag colloids could not be avoided, even at room temperature. Hinsch and co-workers [10] added an aqueous colloidal Ag solution to a TEOS sol and prepared coatings. The Ag-colloid containing coatings showed a very broad absorbance band with a FWHM of about 250 nm, indicating a broad size distribution and probably colloids of distorted spherical shape.
From investigations of metal colloid formation in aqueous solutions by Zsygmondy and Fischer [11] or Henglein et al. [12] it is known that the colloidal size and agglomeration can be controlled by surface ligands. In [13, 14] functionalized silanes are described to be suitable for the stabilisation of metal ions in SiO 2 sols and the formation of metal colloids (including Ag) in appropriate SiO 2 xerogel powders for catalytic applications. The authors assume that metal oxide nanoparticles are formed during thermal densification in air and can be reduced by a second thermal treatment in H 2 atmosphere. The alternative mechanism, the formation of metal colloids at low temperatures and their oxidation at elevated temperatures, has not been taken into consideration so far.
Therefore the aim of the present study was to investigate the nucleation and crystallization of Ag colloids in gels in more detail. As the optical properties of noble metal colloids in a dielectric matrix are well understood it was decided to prepare coatings with a high optical quality on glass to follow the Ag-colloid formation by UV-VIS-spectroscopy. As substrates, both soda lime glass and fused silica were used to check the influence of alkali diffusion on the Ag-colloid formation. In order to consider the case that remarkable amounts of the silver from the coatings would diffuse into the soda lime substrate, ion-exchange experiments with a Ag + -containing salt melt were carried out for comparison.
Experimental
For the preparation of Ag-containing SiO 2 -coatings, 0,51 g AgNO 3 was dissolved in a mixture of 10 ml methanol and 0,66 ml N-(2-aminoethyl)-3-aminopropyl trimethoxysilane (DIAMO) (molar ratio of Ag : DIAMO = 1 : 1). 21,9 ml of the SiO 2 matrix sol, prepared from 160 ml 3-glycidoxypropyl triethoxysilane (GPTS) and 40 ml tetraethyl orthosilicate (TEOS), dissolved in 240 ml ethanol and pre-hydrolysed with 28,5 ml of 0,1 m HNO 3 , was added and stirred for 15 minutes. Soda lime glass (8 wt.% Na 2 O, 7 wt.% K 2 O) and fused silica slides were dip-coated with a withdrawal speed of 4 mm/s and dried at 120
• C, before they were treated in ambient air between 200
• C and 600
• C in steps of 100 K for 1 h (heating rate: 60 K/h) and in a reducing atmosphere (volume fraction: 92% N 2 /10% H 2 ) at temperatures between 100
• C for 1 h and in the case of the soda lime substrate additionally at 500
• C up to 21 h (gasflow: 80 l/h, volume of the oven: 8 l). Na + -Ag + -ion exchange experiments were carried out with the soda lime substrates in a salt melt of 5 wt% AgNO 3 and 95 wt% NaNO 3 at 400
• C in air for 4 h and 18 h.
The Ag-colloid formation was investigated by UV-VIS-spectroscopy (Bruins Instruments, OMEGA 30) and high resolution transmission electron microscopy (HRTEM) (Philips, CM 200). The UV-VIS data were evaluated with regard to colloid size and colloid volume fraction according to [6] using spectra calculated [15] according to the Mie-theory [16] for comparison. The thickness of the coatings was determined by a profilometer (SAS Nanosurf 488).
Results and Discussion
For the investigation of the formation of Ag-colloids in SiO 2 -coatings prepared via the sol-gel process the synthesis route as shown in Fig. 1 was developed. 
